Abstract: Transcriptional activation of major histocompatibility complex (MHC) I and II molecules by the cytokine, interferon γ (IFN-γ), is a key step in cell-mediated immunity against pathogens and tumors. Recent evidence suggests that suppression of MHC I and II expression on multiple tumor types plays important roles in tumor immunoevasion. One such tumor is malignant melanoma, a leading cause of skin cancer-related deaths. Despite growing awareness of MHC expression defects, the molecular mechanisms by which melanoma cells suppress MHC and escape from immune-mediated elimination remain unknown. Here, we analyze the dysregulation of the Janus kinase (JAK)/STAT pathway and its role in the suppression of MHC II in melanoma cell lines at the radial growth phase (RGP), the vertical growth phase (VGP) and the metastatic phase (MET). While RGP and VGP cells both express MHC II, MET cells lack not only MHC II, but also the critical transcription factors, interferon response factor (IRF) 1 and its upstream activator, signal transducer and activator of transcription 1 (STAT1). Suppression of STAT1 in vitro was also observed in patient tumor samples, suggesting STAT1 silencing as a global mechanism of MHC II suppression and immunoevasion.
Introduction
Skin cancer is the most common form of cancer diagnosed in the United States. Despite comprising only 5% of skin cancers, malignant melanoma is the leading cause of skin cancer-related deaths annually. Melanoma progresses through stages, from the radial growth phase (RGP) to the vertical growth phase (VGP) to metastatic, with distinct morphologic phenotypes; However, the molecular changes associated with these transitions are not well defined [1] . Healthy melanocytes exist in a fixed ratio to keratinocytes in a heterogeneous environment that includes fibroblasts, endothelial cells and resident immune effector cells ( Figure 1A ) [2] . Initial gene dysregulation leads to the development of dysplastic nevi, which exhibit phenotypes, including, but not limited to, over-production of melanin [3] . RGP melanomas are characterized by uncontrolled cellular division, as well as the ability to spread within the epidermis, but generally resemble healthy melanocytes at the molecular level ( Figure 1B ) [4, 5] . VGP melanomas are capable of spreading throughout skin layers and develop resistance to paracrine growth inhibition via cytokines secreted by surrounding endothelial cells ( Figure 1C ) [6, 7] . Finally, metastatic (MET) melanomas develop the ability to intravasate, allowing them to establish secondary tumors elsewhere in the body ( Figure 1D ) [8] . While the mechanisms underlying the transition between RGP, VGP and MET are not fully understood, the genes involved in the transition and their contributions to the deadly nature of metastatic melanoma are beginning to be elucidated. Figure 1 . Representation of the progression from healthy melanocyte, to the radial growth phase (RGP), to the vertical growth phase (VGP), to metastatic (MET) melanoma. (A) Healthy melanocytes exist in a fixed ratio to keratinocytes in the basal layer of the epidermis; (B) RGP cells exhibit uncontrolled cell division and over-production of melanin; (C) VGP cells can spread throughout the epidermis and no longer respond to proliferation, inhibiting cytokines; and (D) MET cells are able to break through the basement membrane and enter the circulation.
The immune system is able to specifically detect and target neoplastic cells through the process of immunosurveillance [9] . The promise of cancer immunotherapy is to use immunosurveillance to eliminate cancer cells without harming normal tissues, thus with fewer side effects. Immunotherapy approaches have been tested against malignant melanoma, and while detectable outcomes have been induced, the clinical results have largely been disappointing [10] . Escape from tumor immunosurveillance is a major mechanism leading to the lethality of metastatic melanomas [11] . A first step in immunosurveillance is the recognition of tumor peptide antigens by T-cells of the immune system. Tumor antigens are presented by cell-surface glycoproteins, termed major histocompatibility complex (MHC) molecules I and II [12] . MHC I molecules present intracellular peptides and are expressed on nucleated cells, whereas MHC II molecules present extracellular peptides constitutively on professional antigen presenting cells and inducibly on nucleated cells [12] .
In the case of tumors, MHC I molecules present tumor-associated antigens (TAA) to CD8 + cytotoxic T-cells, and MHC II molecules present TAAs to CD4 + helper T-cells, thus facilitating an anti-tumor immune response [13] . In these contexts, T-cells recognize dysplastic cells as "altered self" and eradicate the tumor [9] . Traditionally, CD8 + T-cells have been considered the major mediators of effective anti-tumor immune responses, and suppression of MHC I in tumors is well studied. Decreases in MHC I expression, and, thus, antigen presentation to CD8 + T-cells, negatively impacts tumor prognosis in numerous cancer types [14] . The observation that antigen presentation via MHC I is critical in tumors is supported by exomic sequencing studies identifying that presentation of mutated TAAs on MHC I led to increased tumor burden in mice [15] . However, a growing number of studies indicate limited anti-tumor activity of CD8 T-cells recognize peptides bound to the groove of MHC II molecules [32] . As MHC II cell surface expression can be induced in nucleated cells by the cytokine, interferon gamma (IFN-γ), through the JAK/STAT signaling cascade [33] , the molecular mechanisms regulating the MHC II status of tumor cells is of clear importance. It has been well established that IFN-γ plays substantial roles in both anti-viral and pro-immune responses [34] . Both MHC I and MHC II are IFN-γ inducible, further emphasizing the significance of this type II interferon in immunosurveillance. In the context of MHC II transcription, IFN-γ binds to IFN-γ receptor 1 (IFN-γ R1), leading to dimerization of IFN-γ R1 and IFN-γ R2 [35] . The cytoplasmic tails of the hetero-dimeric IFN-γ Receptors are cross-phosphorylated, allowing binding of Janus kinase (JAK) 1 and JAK2 [36] . JAK1 and JAK2 are subsequently phosphorylated, leading to recruitment and binding of signal transducer and activator of transcription 1 (STAT1) [37] . Phosphorylated STAT1 then forms a homodimer known as γ-activated factor (GAF) [38] . GAF next translocates to the nucleus, where it binds the γ-activation sequence (GAS) on the promoters of interferon response element (IRF) 1 and IRF2 [39] . An IRF1 and IRF2 heterodimer along with GAF binds promoter IV of the class II transactivator (CIITA). CIITA is necessary, but not sufficient, for the transcription of MHC II and lacks intrinsic DNA binding capabilities [40] . MHC II transcription requires the presence of the enhanceosome complex to which CIITA binds [40] . The enhanceosome is comprised of regulatory factor X (RFX), nuclear factor Y (NFY) and cAMP regulatory element binding protein (CREB) [41] . CIITA binding at the enhanceosome allows binding of RNA polymerase II, leading to transcription of MHC II [42] . It has previously been reported that metastatic melanoma lacks cell surface expression of MHC II, which leads to tumor escape from immunosurveillance [43] . We therefore sought to determine the mechanisms underlying the silencing of MHC II in metastatic melanoma.
Results

MHC II Is Increasingly Suppressed in RGP, VGP and MET Cells
Despite the ability of the immune system to detect and eradicate tumor cells, tumor immunosurveillance often fails [44] . Selective pressure leads to tumor cells evolving to downregulate immunomodulatory molecules, a phenomenon known as tumor immunoediting [45] . While metastatic melanoma cells often lack MHC II surface expression, the mechanisms supporting MHC II suppression by metastatic melanoma remain unknown [43] . We used flow cytometry to determine the expression levels of MHC II during the progression of melanoma. Radial growth phase (RGP) ( 
Melanoma Cells Remain IFN-γ Responsive throughout Disease Progression
As cell surface expression of MHC II on nucleated cells requires stimulation with the pro-inflammatory cytokine, IFN-γ, we questioned whether the MET cell line was capable of responding to stimulation [46] . We performed flow cytometry experiments to determine the expression levels of this cell surface receptor, focusing on IFN-γ R1, because it is the heterodimer constituent to which IFN-γ binds prior to heterodimerization [35] . Furthermore, mutations in IFN-γ R2 slightly decrease cell surface expression attenuation of signaling, but do not impart a total loss of IFN-γ responsiveness [47, 48] . As expected, RGP cells express high levels of cell surface IFN-γ R1 with no significant change in receptor expression during cytokine stimulation ( 
MET Cells Express Both Janus Kinase 1 (JAK1) and JAK2
MHC II transcription is a product of the Janus kinase (JAK) signaling cascade [36] . Upon IFN-γ binding to the IFN-γ receptor on the cell surface, JAK1 and JAK2 bind the cross-linked receptor and cross-phosphorylate one another, leading to STAT1 activation [37] . The fact that both JAK1 and JAK2 are imperative in the signaling cascade required for MHC II cell surface expression is well established, and their abrogation leading to decreased MHC II has been seen in certain bacterial infections [49] .
Therefore, we performed Western blots to determine the expression levels of JAK1 and JAK2 during the course of melanoma development. We observed that in all three cell lines, JAK1 and JAK2 are expressed in the presence or absence of IFN-γ stimulation (Figure 4 ). These data show that JAK1 and JAK2 are intact in metastatic melanoma and are not the underlying cause of MHC II silencing in these cells. 
Metastatic Melanoma Cells Lack the Interferon Response Factor, IRF-1
Downstream from JAK1 and JAK2 and following IFN-γ stimulation, IRF-1 forms a heterodimer with IRF-2 and binds CIITA PIV, leading to transcription of the class II transactivator [50] . Because IRF-1 is necessary for CIITA transcription, we investigated the expression of IRF-1 with and without interferon stimulation ( Figure 5 ). We and others have determined that IRF-1 is expressed at its maximum level after 4 h of stimulation in near normal cells [51, 52] . As expected, IRF-1 is expressed following four hours of IFN-γ stimulation in RGP and VGP cells. However, MET cells lack IRF-1 expression despite interferon stimulation. These data imply that silencing of MHC II in metastatic melanoma is due to silencing of IRF-1. 
Silencing of MHC II in Metastatic Melanoma Is the Result of Dysregulation of Basal STAT1α Expression
IRF-1 is required for CIITA and, thus, MHC II expression following stimulation with the pro-inflammatory cytokine, IFN-γ. The γ-activated sequence (comprised of a homodimer of STAT1) is required for both IRF-1 and CIITA expression. We hypothesized that dysregulated STAT1 activation was the cause of the silencing of both IRF-1 and CIITA, leading to the lack of MHC II cell surface expression. Western blot analysis verified that STAT1 is constitutively expressed and is inducibly phosphorylated upon interferon stimulation in RGP and VGP cells. In contrast, MET cells lack not only phosphorylated STAT1, but also lack constitutive STAT1 protein expression. Conversely, re-introduction of STAT1 into MET cells restores cell surface expression of MHC II ( Figure 6 ).
STAT1 Expression Is Decreased in Patient Metastatic Melanoma Samples
To investigate if the observations seen in vitro mirror the metastatic melanoma samples, we examined STAT1 expression levels in patient tumor samples. In normal melanocytes from a benign nevus, STAT1 is expressed throughout the cell ( Figure 7A ). RGP lesions show a visual decrease in STAT1 expression. Melanoma cells are identified by upregulation of biomarkers, as seen in green. (Figure 7B ). VGP lesions show a further decrease in STAT1 expression, which correlates with an increase in melanoma biomarker expression ( Figure 7C ). Metastatic lesions from lymph nodes ( Figure 7D ) and bone ( Figure 7E ) both show a marked decrease in STAT1 expression. Data are representative of over 150 samples. These data show that in clinical samples, STAT1 expression has an inverse correlation with upregulation of biomarkers for metastatic melanoma.
Discussion
Tumor immunosurveillance refers to the ability of the immune system to detect and, ideally, respond to neoplastic cells. Successful immunosurveillance depends on the presentation of TAAs to CD8 + cytotoxic T-cells and to CD4 + T-helper cells via MHC I and MHC II, respectively. The suppression of either one or both of these major histocompatibility complexes is a common mechanism by which tumor cells avoid immunosurveillance. Numerous silencing mechanisms have been elucidated, including epigenetic silencing and genomic deletion of key mediators involved in MHC cell surface expression [53] [54] [55] [56] .
The goal of this study was to determine the mechanisms underlying previous observations of silencing of IFN-γ-inducible MHC II expression in metastatic melanoma. We report here that MHC II is suppressed as melanoma cell lines evolve from RGP to VGP to MET. We further determined that despite gradual suppression of MHC II, each melanoma cell line remained IFN-γ responsive throughout simulated disease progression. Continued cell surface expression of the IFN-γ receptor led us to inspect the remaining components of the IFN signaling cascade leading to MHC II cell surface expression. Following IFN-γ stimulation, JAK1 and JAK2 bind to the intercellular domains of the IFN-γ receptor [36] . RGP, VGP and MET cell lines all express both JAK1 and JAK2, further indicating that the major components of the MHC II signaling pathway are intact, regardless of the stage of melanoma progression. Upon further investigation of the JAK/STAT pathway, we found that metastatic melanoma cells lack the interferon response factor IRF-1. IRF-1 requires activated STAT1 (phosphorylated at Y701 to form a homodimer) for transcriptional activation. MET cells not only lack phosphorylated STAT1, but lack basal expression of unphosphorylated STAT1, as well. From these results, we conclude that the suppression of MHC II on the cell surface of these MET melanoma cell lines is due to silencing of STAT1. To determine if a similar phenomenon is present in patient samples, we compared STAT1 expression levels in metastatic and non-metastatic melanocytic lesions. Within primary tumors and secondary metastases, we see significant decreases in STAT1 expression as cells gain metastatic ability. We are currently investigating the molecular mechanisms by which STAT1 is suppressed in metastatic melanoma.
Studies over the past decade have led to the discovery of varying causal mechanisms of melanoma immune escape centered on the suppression of antigen-presenting molecules. The majority of these studies have focused on MHC I, due to its importance in activation of cytotoxic T-cells. Rodriguez and colleagues investigated cell lines from the European Searchable Tumor Line Database (ESTDAB) and found multiple metastatic melanoma cell lines that suppress MHC I with differences in the mechanisms of MHC I suppression [53] . The melanoma cell line ESTDAB-004 expresses STAT1, but the STAT1 expressed lacks phosphorylation at Y701. In contrast, lack of MHC I in ESTDAB-159 (GR-mel-3) cells was due to promoter methylation of IRF-1. Methylation was also found to be the cause of MHC I silencing in MSR3-mel cells, but in this case, hypermethylation occurred at the MHC I promoter itself [54] . Additionally, in metastatic melanoma Colo857 cells, MHC is absent due to a genomic deletion of JAK2 [55] .
Silencing of MHC I molecules has been observed at nearly every level of the JAK/STAT signaling cascade. Because STAT1 is involved in both MHC I and MHC II expression, it is likely that the observed effects of STAT1 silencing in MHC I impairment are mirrored in the impairment of MHC II. Few reports are available that have investigated the silencing of MHC II in metastatic melanoma. One early study shows that MHC II silencing in the ocular melanoma cell line, Mel202, is the result of epigenetic silencing of CIITA [56] . In this study, ectopic expression of CIITA restored MHC II cell surface expression. Aside from the report indicating that the metastatic melanoma cell line 1205lu does not express cell-surface MHC II [43] , little has been reported in regards to the expression of MHC II in skin melanomas. In concurrent studies with our own, it was recently shown that STAT1 is silenced in two additional metastatic melanoma cell lines, SK-Mel-28 and MM96 [57] . The RE-1 silencing transcription (REST) complex was shown to regulate STAT1 in this study. REST is responsible for silencing neuronal genes in non-neuronal cells, but has also been shown to play a role in some genetic disorders [58] . Interestingly, STAT1 contains an RE1 binding site, and it was shown that this is the mechanism by which REST silences STAT1. These findings revealed a previously undocumented mechanism of downregulation of STAT1 in melanoma. The above observations underscore the variation in underlying causes of MHC silencing in metastatic melanoma. In contrast to the Wistar melanoma cell lines utilized in our study, the aforementioned cell lines are not categorized by progression status. To our knowledge, our study is the first to compare MHC suppression between RGP, VGP and MET melanoma cell lines.
Silencing of STAT1 may be one mechanism by which melanoma can evade immune detection and, thus, increase its metastatic potential. By investigating STAT1 expression in patient tumors, oncologists may be able to employ targeted immunotherapies, thus increasing a patient's immune response to metastatic melanoma. The ability to introduce plasmid DNA (pDNA) into human subjects has become an increasingly common part of clinical trials. STAT1-encoding pDNA can be introduced into tumors via electroporation [59, 60] . Additionally, techniques are in development to use mRNA in lieu of pDNA to augment gene expression in tumors [61] . By developing mechanisms to introduce STAT1 DNA into tumors lacking the protein and by treating the patient with a course of interferon, it may be possible to induce MHC I and MHC II expression on the cell surface of melanoma, leading to an increased response by the patient's own immune system. Immunotherapy has gained notoriety in recent years, because it is less toxic to patients than chemotherapy and irradiation. The timing of immunotherapeutic intervention has been shown to drastically affect patient outcomes. Observations of the importance of timely intervention with immunotherapy have led to the establishment of the Copenhagen Prospective Personalized Oncology (CoPPO) program in which samples from newly diagnosed patients undergo multiple tests, including expression arrays, RNA sequencing and SNP analysis, to determine the expression levels of therapeutic targets. Knowing the mutations leading to neoplasms will allow clinicians to tailor treatment and, ideally, improve patient prognosis [62] . Consequently, determining the multitude of underlying causes of tumors is imperative to improving personalized medicine. 
Experimental Section
Cell Lines
Western Blots
Cells were treated with 50 U/mL IFN-γ (Peprotech, Rocky Hill, NJ, USA) for 0 hours, 0.5 h or 4 h. Post-stimulation, cells were lysed in NP-40 lysis buffer (20 mM Tris pH 8.0, 0.14 M KCl, 10% Nonadet P-40, 5 mM EDTA, 20 mM NaCl, 1 mM DTT) supplemented with eComplete Protease Inhibitors (Roche Applied Science, Indianapolis, IN, USA). Clarified lysates were normalized for protein concentration, separated via SDS-PAGE, transferred to nitrocellulose and blotted for the protein of interest with specific antibodies as follows: IRF-1, STAT-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho-STAT1 (Y701) (BD Biosciences, San Jose, CA, USA) and JAK1, JAK2 (Cell Signaling Technology, Boston, MA, USA). Blots were incubated with appropriate secondary antibodies conjugated to HRP and developed with Hyglo™ (Denville Scientific, South Plainfield, NJ, USA), per the manufacturer's instructions. HRP conjugated β-actin antibodies (Cell Signaling Technology, Boston, MA, USA) were used as loading controls.
Flow Cytometry
Cells were treated for 0, 18, 24, 48 or 72 h with IFN-γ at a concentration of 50 U/mL. Post-stimulation, cells were harvested with Accutase (EMD Millipore, Billerica, MA, USA). After washing with PBS, cells were stained with fluorophore-conjugated-specific antibodies as follows: PE-CD119 (IFN-γ R1) or APC-HLADR (MHC II) (Biolegend, San Diego, CA, USA). Cells were then fixed in 2% paraformaldehyde and analyzed on an LSRFortessa Flow Cytometer (BD Biosciences, San Jose, CA, USA). Data were analyzed using FlowJo Software (Tree Star, Ashland, OR, USA).
Immunofluorescence
Formalin-fixed paraffin embedded (FFPE) tissue microarrays (Biomax, Rockville, MD, USA) were dewaxed in two 20-min washes with xylenes. Microarrays were rehydrated and blocked as previously described [63] . Slides were incubated with primary antibodies for STAT1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) or the metastatic melanoma biomarkers, HMB45 and MART-1 (Abcam, Cambridge, MA, USA), for one hour at room temperature. After staining with fluorophore-conjugated secondary antibodies, nuclei were stained with NucBlue ® , per the manufacturer's instructions (Life Technologies, Grand Island, NY, USA). Cover slips were mounted using Vectasheld ® (Vector Labs, Burlingame, CA, USA), allowed to harden overnight at 4 °C and then sealed. Images were acquired on a Zeiss LSM700 confocal microscope (Carl Zeiss, Jena, Germany) and analyzed with ImageJ software (NIH, Bethesda, MD, USA). Microarrays analyzed via immunofluorescence included tumor samples (1 mm × 5 μm) of melanomas ranging from benign nevi, RGP, VGP and distant metastases (lymph nodes, bone and spleen). 
Overexpression Assays
Statistical Analysis
All Western blots were quantified with Un-Scan-It Gel™ analysis software (Silk Scientific, Orem, UT, USA). Unpaired Student's t-tests were used to determine significance (NS p > 0.05, * p < 0.05, ** p < 0.005, *** p < 0.001, **** p < 0.0001) between treated and untreated samples.
Conclusions
Despite many studies reporting the downregulation of major histocompatibility molecules in melanoma, the mechanisms underlying the silencing have not been elucidated. Our study is the first to investigate the mechanisms of MHC silencing during disease progression from the radial growth phase (RGP), vertical growth phase (VGP) and metastatic melanomas (MET). Our data will impact personalized medicine by expanding the database of therapeutic targets for the diagnosis and treatment of metastatic melanoma. 
